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HIGHLIGHTS 


•  Infiltrated  LSCr  microstructure  evolves  in  a  significantly  different  way  compared  to  infiltrated  LSCM  anode. 

•  Unfavorable  microstructure  of  infiltrated  LSCr  limits  its  electrode  performance. 

•  Exsolved  metal  nanoparticles  from  LSCr  host  lattice  promote  hydrogen  electro-oxidation. 

•  Exsolved  cobalt  nanoparticles  show  low  carbon  deposition. 
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Infiltration  is  a  widely  used  fabrication  method  for  solid  oxide  fuel  cell  (SOFC)  composite  electrodes.  Here 
we  report  a  study  of  the  structure  and  electrocatalytic  properties  of  SOFC  anodes  composed  of  a  layer  of 
lanthanum,  strontium  chromite  (La0.8Sro.2Cr03,  LSCr),  both  with  and  without  added  transition  metal 
dopants,  infiltrated  into  a  porous  yttria-stabilized  zirconia  (YSZ)  matrix.  The  structural  evolution  of  the 
electrode  upon  reduction  and  under  typical  SOFC  operating  conditions  is  compared  to  that  reported 
previously  for  Lao.8Sro.2Cro.5Mno.503-YSZ  composite  anodes.  For  the  transition  metal  doped  materials,  a 
portion  of  the  metal  dopants  were  found  to  be  exsolved  from  the  LSCr  lattice  upon  reduction  and  to  be 
effective  in  promoting  electro-oxidation  of  hydrogen.  Exsolved  cobalt  particles  were  also  found  to  be 
relatively  stable  when  exposed  to  hydrocarbon  fuels  with  low  activity  for  the  formation  of  carbon 
deposits. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electronically  conductive  ceramics  have  a  number  of  features 
that  make  them  attractive  for  use  in  solid  oxide  fuel  cell  (SOFC) 
anodes.  Compared  to  present  state-of-the-art  anodes  which  use  Ni 
as  the  electronically  conductive  phase,  ceramic  conductors  are 
more  tolerant  of  hydrocarbon  fuels  since  they  are  less  prone  to 
deactivation  via  carbon  deposition  and  can  be  redox  stable  [  1  — 7  ].  In 
this  regard,  a  particularly  interesting  mixed  ionic/electronic 
conductive  ceramic  is  (LaSr)(Cr,Mn)03  (LSCM)  [1],  Very  good  per¬ 
formance  has  been  achieved  for  SOFC  composite  anodes  that  use 
LSCM  that  has  been  infiltrated  into  a  pre-existing  porous  YSZ 
(yttria-stabilized  zirconia)  scaffold  as  the  electronically  conducting 
phase  [2,3],  Since  LSCM  has  low  intrinsic  catalytic  activity  a  metal 
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catalyst  must  also  be  added.  The  modest  electronic  conductivity  of 
LSCM  requires,  however,  that  the  electrode  be  relatively  thin  in 
order  to  maintain  the  ohmic  loss  at  an  acceptable  level.  For 
example,  a  porous  YSZ  slab  infiltrated  with  45  wt  % 
Lao.8Sro.2Cro.5Mno.5O3  has  a  conductivity  of  just  0.1  S  cm-1  at  973  K 
[2],  Ideally,  one  would  like  to  have  a  composite  conductivity  of  at 
least  1  S  cm-1  [4], 

While  low  conductivity  is  an  issue,  LSCM— YSZ  composites 
prepared  by  infiltration  have  a  number  of  interesting  features. 
Under  the  oxidizing  conditions  used  during  synthesis,  the  infil¬ 
trated  LSCM  forms  a  conformal  film  that  completely  covers  the 
YSZ  scaffold.  In  contrast,  under  reducing  conditions  that  are 
typical  of  an  operating  anode,  this  film  de-wets  the  YSZ  forming  a 
porous  layer  with  a  high  degree  of  surface  roughness,  while  still 
maintaining  the  connectivity  within  the  LSCM  perovskite  phase 
[3,5],  As  has  been  discussed  previously,  this  produces  an  ideal 
structure  for  an  SOFC  anode  with  a  high  concentration  of  three- 
phase  boundary  (TPB)  sites  that  are  active  for  electro-oxidation 
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of  the  fuel  [3,5],  It  is  noteworthy  that  Lao.aSr02Mn03  (LSM),  the 
conventional  cathode  material,  has  also  been  observed  to  exhibit 
wetting  of  an  YSZ  scaffold  under  oxidizing  conditions  and  then 
break  into  particles  under  lower  oxygen  pressures  due  to  reduc¬ 
tion  of  the  Mn  [6], 

Because  of  its  high  conductivity,  Sr-doped  LaCrC>3  (LSCr)  is 
another  promising  material  for  use  as  the  electronically  conducting 
phase  in  SOFC  anodes.  LSCr  is  widely  used  as  an  interconnect  ma¬ 
terial  [10]  and  has  an  electrical  conductivity  that  is  ~10  times 
greater  than  that  of  LSCM  under  reducing  conditions  (973  K,  10% 
H2/N2)  [9],  It  also  has  a  well-known  defect  structure  [11]  and 
outstanding  chemical  stability.  The  high  conductivity  of  LSCr  would 
allow  for  thicker  and  more  robust  ceramic  SOFC  anodes  while  still 
maintaining  an  acceptably  low  ohmic  resistance.  It  is  not  clear, 
however,  if  LSCr  will  have  the  same  favorable  interactions  with  YSZ 
as  observed  for  LSCM  which  helped  to  produce  structures  with  high 
TPB  lengths.  Since  LSCr  is  hard  to  sinter  [10]  compared  to  LSCM,  it 
may  undergo  a  different  microstructural  evolution  under  oxidizing 
and  reducing  conditions.  In  order  to  assess  the  suitability  of  LSCr  for 
the  electronically  conducting  phase  in  SOFC  anodes,  in  the  present 
study  we  have  characterized  the  electrical  conductivity  of  porous 
LSCr/YSZ  composites  and  how  interactions  at  the  LSCr-YSZ  inter¬ 
face  affect  the  microstructure  of  infiltrated  LSCr  films  under  both 
oxidizing  and  reducing  conditions. 

In  addition  to  characterizing  these  physical  properties  of  infil¬ 
trated  LSCr/YSZ  composite  anodes,  we  also  investigated  methods  to 
enhance  their  catalytic  activity.  As  noted  above,  addition  of  a  small 
amount  of  metal  oxidation  catalyst  (<0.5  wt%)  is  generally  required 
in  order  to  obtain  good  performance  with  these  types  of  oxide 
anodes  [3,4,7  ].  For  example,  it  has  been  shown  that  the  addition  of  a 
Pd/ceria  catalyst  to  an  infiltrated  LSCM/YSZ  anode  is  sufficient  to 
cause  a  10-fold  increase  in  the  peak  power  density  [3[.  Similar 
behavior  has  been  observed  for  SOFC  anodes  in  which 
Lao.7Sro.3VO3.85  [4]  and  LaojSroynCh  [7]  have  been  used  as  the 
electronically  conductive  phase.  While  the  catalytic  metals  can  be 
added  using  standard  wet  infiltration  techniques,  they  can  also  be 
produced  in  situ  via  exsolution  of  dopant  metal  ions  from  an  oxide 
host  [12-17],  This  phenomenon  has  been  observed  for  a  variety  of 
perovskite  oxides  including  lanthanum  chromate  doped  with 
nickel,  ruthenium,  and  palladium  [12—14],  We,  therefore,  chose  to 
investigate  this  approach  for  adding  catalytic  metal  nanoparticles 
to  the  surface  of  LSCr/YSZ  composite  anodes.  The  specific  system 
investigated  was  Lao.8Sro.2Cri_xMxC>3  with  M  being  Co,  Cu,  and  Ni. 
The  performance  of  SOFC  with  Lao.sSrojQr  _XMX03/YSZ  composite 
anodes  are  reported  and  demonstrate  both  exsolution  of  the  metals 
and  their  enhancement  of  the  catalytic  activity  and  overall  cell 
performance. 

2.  Experimental 

Bulk  powders  of  pure  and  transition-metal  doped  LSCr  and 
LSCM  were  synthesized  using  aqueous  solutions  of  La(N03)3'6H20 
(Alfa  Aesar,  99.9%),  Sr(N03)2  (Alfa  Aesar,  99%),  Cr(N03)3-9H20  (Alfa 
Aesar,  98.5%),  Co(N03)2-6H20,  Cu(N03)2-3H20,  and  Ni(N03)2-6H20 
(Alfa  Aesar,  99.9%),  and  citric  acid  which  was  used  as  a  chelating 
agent.  The  precursor  solution  with  the  desired  ion  concentrations 
was  initially  evaporated  on  a  hot  plate  to  form  a  gel  which  was  then 
calcined  in  air  at  1473  K  to  form  the  perovskite  phase  as  confirmed 
by  X-ray  diffraction.  Care  was  taken  to  avoid  the  formation  of  sec¬ 
ondary  phases,  such  as  SrCrC>4  [18],  The  A-site  lanthanum  to 
strontium  ratio  was  held  constant  at  four  and  a  B-site  doping  level 
of  the  transition  metals  of  10  at%  was  used  in  all  cases.  For  instance, 
the  composition  of  the  LSCr— Ni  sample  was  Lao.8Sro  2Cro.9Nio  i  O3. 

DC  four-probe  electrical  conductivity  measurement  were  per¬ 
formed  using  porous  YSZ  slabs  (65—70%  initial  porosity)  which 


were  infiltrated  with  precursor  metal  nitrate  solution  in  a  repeated 
fashion,  with  heating  from  room  temperature  to  723  K  after  each 
infiltration  and  finally  to  higher  temperature  (1473  K  for  chromites) 
in  order  to  form  the  perovskite  phase.  The  process  was  continued 
until  the  mass  of  the  perovskite  phase  accounted  for  45%  of  the  total 
mass.  For  an  YSZ  scaffold  with  65%  porosity,  45  wt%  LSCr  corre¬ 
sponds  to  filling  40%  of  the  initial  pore  volume  (39%  final  porosity). 
A  similar  level  of  final  porosity  is  expected  for  the  LSCM  infiltrated 
slab.  Silver  paste  (SPI  Supplies,  5063-AB)  and  wires  were  used  to 
make  electrical  contacts  to  the  slabs  and  conductivity  measure¬ 
ments  were  made  with  the  slabs  exposed  to  wet  H2  (3%  H20)  be¬ 
tween  873  and  1073  K.  These  same  slabs  were  also  used  for  coke- 
resistance  tests  after  removing  the  silver  leads.  For  these  mea¬ 
surements  the  slabs  were  first  reduced  in  flowing  dry  H2  for  4  h  at 
1073  K  and  then  cooled  to  room  temperature.  After  measuring  their 
mass,  they  were  heated  in  dry  H2  to  1073  K  and  then  the  gas  phase 
was  switched  to  flowing  dry  CH4.  After  1  h  in  the  CH4  the  tem¬ 
perature  was  lowered  while  maintaining  CH4  flow.  The  final  mass 
was  then  measured  to  determine  the  amount  carbonaceous  ma¬ 
terial  deposited  on  the  sample. 

SOFC  performance  studies  were  done  using  YSZ  electrolyte- 
supported  button  cells  that  were  fabricated  by  laminating  three 
green  tapes  followed  by  sintering  in  air  (1773  K,  4  h)  19],  The  outer 
two  tapes  contained  sacrificial  pore  formers  (synthetic  graphite, 
300  mesh,  Alfa  Aesar),  so  the  resulting  cell  consisted  of  a  porous 
(60  pm  thick)-dense  (75  pm)-porous  (60  pm)  layered  YSZ  structure. 
The  structure  and  properties  of  the  porous  YSZ  scaffolds  formed  in 
this  manner  have  been  reported  previously  [20-22],  LSCr  or  LSCM 
were  added  to  the  anode  (45  wt%  (42  vol%)  of  the  anode  composite) 
using  the  infiltration  procedure  described  above,  and  a  Lao.8Sro.2_ 
FeC>3  cathode  (40  wt%  (38  vol%)  of  the  cathode  composite)  was 
formed  in  the  same  way,  but  using  a  lower  calcination  temperature 
of  1123  K  [15],  All  electrode  composites  had  a  final  porosity  close  to 
40%  which  was  sufficient  to  insure  that  gas  transport  did  not  limit 
performance  for  the  conditions  used  this  study.  For  some  cells  Pd 
and/or  Ce02  were  added  to  the  anode  by  infiltration  [3,4,7],  For  Pd 
infiltration,  palladium  nitrate  aqueous  solution  (Alfa  Aesar,  99.9%) 
was  used.  For  ceria,  Ce(NC>3)3'6H20  (Alfa  Aesar,  99.5%)  was  dis¬ 
solved  in  water.  When  both  were  added  to  an  anode  the  ceria  was 
added  before  the  Pd.  The  cells  were  calcined  in  air  at  723  K 
following  the  addition  of  these  species. 

The  button  cells  were  mounted  and  sealed  onto  an  alumina  tube 
using  Aremco  Ceramabond  552,  and  silver  paste  (SPI  Supplies, 
5063-AB)  and  wires  were  used  for  current  collection.  The  typical 
thickness  of  applied  silver  layer  was  0.5  mm.  This  layer  is  suffi¬ 
ciently  porous  such  that  it  does  not  affect  cell  performance  and  high 
current  densities  have  been  achieved  using  this  current  collector 
[15],  The  silver  paste  covered  the  entire  surface  of  each  electrode. 
This  area  (0.35  cm2)  was  used  for  current  density  calculation.  All 
electrochemical  data  were  collected  using  a  Gamry  Instruments 
potentiostat  with  the  cathode  exposed  to  stagnant  air  while  hu¬ 
midified  H2  (3%H20)  was  swept  over  the  anode.  Impedance  spectra 
were  recorded  in  the  galvanostatic  mode  at  open  circuit  for  fre¬ 
quencies  from  0.1  to  300  kHz  using  an  AC  amplitude  of  1  mA.  V—i 
curves  and  impedance  spectra  were  collected  after  heating  in  H2  to 
the  desired  measurement  temperature  without  any  additional 
pretreatment. 

To  determine  cell  compositions  and  microstructures,  X-ray 
diffraction  patterns  were  collected  with  Cu  Ka  radiation  in  Bragg— 
Brentano  geometry  (Rigaku  Hyperglex,  40  kV,  30  mA).  Sometimes, 
a  small  amount  of  YSZ  powder  was  mixed  in  as  an  internal  refer¬ 
ence.  Rietveld  refinement  was  carried  out  on  YSZ-free  diffraction 
patterns  using  the  GSAS  package  [23]  with  EXPGUI  interface  [24], 
SEM  images  were  taken  with  a  JEOL  7500F  HRSEM  operating  with  a 
5  kV  acceleration  voltage. 
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3.  Results  and  discussion 

3.1.  Characterization  of  LSCr  samples 

For  the  LSCr  powder  samples,  XRD  confirmed  that  the  desired 
perovskite  phase  was  formed  following  calcination  in  air  for  4  h  at 
1473  K.  The  same  calcination  conditions  were  used  to  obtain  phase- 
pure  LSCM  perovskite  powders  in  our  previous  work  [2],  Fig.  1(a) 
shows  the  intensity  vs.  26  scan  for  as-calcined  LSCr  powder  mixed 
with  YSZ.  Rietveld  refinement  determined  the  crystal  is  ortho¬ 
rhombic  (a  =  5.450  A,  fa-  7.756  A,C-  5.495  A,  V  =  232.3  A3)  with  a 
unit  cell  volume  very  close  to  the  reported  value  [18],  The  XRD 
pattern  obtained  from  an  YSZ-LSCr  powder  mixture  reduced  for 
4  h  at  1073  K  in  dry  hydrogen  (Fig.  1(b))  shows  that  this  treatment 
did  not  result  in  any  significant  reaction  between  the  phases  or 
phase  decomposition.  There  is  a  small  peak  at  43°,  however,  indi¬ 
cating  the  presence  of  an  unknown  impurity  phase.  The  XRD 
pattern  of  the  anode  side  of  a  measurement-ready  cell  which  was 
infiltrated  with  both  LSCr  and  then  CeCh  is  shown  in  Fig.  1(c)  and 
also  confirms  that  the  LSCr  perovskite  phase  was  formed.  Note  that 
the  impurity  phase  is  not  present  in  this  sample. 


3.2.  Comparison  of  LSCr  and  LSCM 

In  the  literature,  the  electrical  conductivity  of  Lao.75Sro.2sCr03  is 
reported  to  be  about  one  order  of  magnitude  higher  than  that  of 
Lao.75Sro.25Cro.5Mno.5O3  at  973  K  in  10%  H2/N2  [9],  As  noted  in  the 
introduction,  this  was  our  primary  motivation  for  using  LSCr  as  the 
conducting  phase  in  an  SOFC  anode.  Consistent  with  the  electrical 
conductivities,  the  data  in  Fig.  2  shows  that  the  conductivity  of  a 
porous  YSZ  slab  infiltrated  with  LSCr  (1  S  cm-1  at  973  K)  is  also 
higher  than  that  of  LSCM-infiltrated  YSZ  (the  LSCM  data  is  from  Ref. 
[2]).  The  difference  in  conductivity  is  about  one  order  of  magnitude, 
which  is  in  good  agreement  with  expected  values  based  on  the 
electrical  conductivities  of  these  materials.  These  data  also  show 
that  in  contrast  to  LSCM— YSZ,  the  conductivity  of  LSCr— YSZ  de¬ 
creases  with  increasing  temperature.  This  has  also  been  observed 
for  La0.8Sr0.2Cr0.95Ni0.05O3  under  reducing  conditions 
(P02  <  1CT15  atm,  1223-1273  K)  [25],  For  LaCr03  and  YCr03,  it  is 
known  that  the  dominant  electronic  charge  carriers  are  localized 
holes  at  chromium  sites  [25,26].  The  equilibrium  extent  of  oxida¬ 
tion  of  the  LSCr  lattice  increases  (i.e.  Cr  4+  concentration  increases) 
as  the  temperature  is  lowered  under  reducing  atmospheres  leading 
to  the  conductivity  increase.  Interestingly,  as  shown  in  Fig.  2, 
doping  copper  on  the  chromium  site  lowers  the  total  conductivity. 


LSCr  (45  wt%)  infiltrated  anode  with  ceria  (5  wtf).  “x"  marks  show  ceria  peak  posi¬ 
tions,  and  vertical  shaded  bands  denote  YSZ  peaks.  Diamond  marks  show  an  unknown 
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Fig.  2.  Electrical  conductivity  of  the  45  wt%  perovskite-YSZ  composite  in  humidified 
H2  ( 3 %  H20)  as  a  function  of  temperature. 


This  detrimental  effect  of  copper  has  also  been  reported  for 
(Lao.8Cao.2)(Cro.9-xCo0.iCux)03  [27], 

Somewhat  surprisingly,  the  differences  in  the  electrical  con¬ 
ductivity  of  the  LSCr— YSZ  and  LSCM-YSZ  composites  are  not 
manifest  in  SOFC  performance  data  obtained  from  the  button  cells 
operating  on  humidified  H2  fuel  at  973  K,  as  shown  in  Fig.  3.  (The 
polarization  curve  for  LSCM  is  from  Ref.  [2].)  Note  that  for  these 
cells,  Pd/Ce02  was  added  to  the  anodes  to  enhance  catalytic  activity. 
These  data  show  that  despite  the  higher  composite  conductivity  of 
LSCr-based  anode,  the  cell  with  the  LSCM-based  anode  consider¬ 
ably  outperforms  it.  It  is  noteworthy  that  we  have  obtained  similar 
results  in  a  previous  study  comparing  anodes  which  use 
Lao.3Sr0.7Ti03  and  Lao.8Sro.2Cro.5Mno.5O3  as  the  conducting  phase, 
where  the  highest  performance  was  again  observed  for  the  LSCM 
which  has  lower  electrical  conductivity  [3],  Together  these  results 
suggest  that  other  factors,  such  as  structure  and  TPB  length,  play  a 
critical,  if  not  dominate,  role  in  determining  overall  performance. 

The  importance  of  microstructure  in  anode  performance  is  more 
apparent  when  one  examines  SEM  images  of  the  anodes,  such  as 
those  displayed  in  Fig.  4  for  porous  LSCr— YSZ  and  LSCM-YSZ 
composites  before  and  after  reduction  at  1073  K  in  wet  H2  (3%  H2O). 
The  image  of  the  unreduced  LSCr-YSZ  sample  (panel  a)  shows  that 
the  infiltrated  LSCr  layer  has  a  somewhat  granular  structure,  but 
still  forms  an  interconnected  film  on  the  surface  of  the  porous  YSZ 
scaffold.  Upon  reduction,  however,  the  SEM  image  (panel  b)  shows 


Fig.  3.  V-i  and  V-power  density  polarization  curves  for  cells  with  45  wt%  perovskite 
calcined  at  1473  K,  with  5  wt%  ceria  and  0.5  wt%  Pd.  Fuel  condition:  973  K  in  hu¬ 
midified  H2  (3%  H20).  Cathodes  were  exposed  to  stagnant,  ambient  air.  The  thin  and 
thick  lines  correspond  to  the  voltage  and  power  curves,  respectively. 


210 


al.  /  Journal  of  Power  Sources  262  (2014)  207-212 


Fig.  4.  SEM  images  of  a  YSZ  porous  scaffold  infiltrated  with  either  LSCr  or  LSCM.  (a)  LSCr  before  reduction,  (b)  LSCr  after  reduction,  (c)  LSCM  before  reduction,  and  (d)  LSCM  after 
reduction.  The  scale  bars  are  for  1  pm. 


that  the  LSCr  film  undergoes  significant  agglomeration  resulting  in 
both  a  decrease  in  surface  area  and  the  formation  of  isolated  LSCr 
grains  which  are  not  electrochemically  active.  This  behavior  greatly 
differs  from  that  of  the  LSCM-YSZ  composite  where,  as  reported 
previously  [3,5],  the  LSCM  forms  an  even  coating  on  the  YSZ  under 
oxidizing  conditions  (panel  c)  which  breaks  into  a  highly  porous 
interconnected  film  with  fine  grain  structure  upon  reduction  (panel 
d).  These  images  vividly  show  that  the  degree  of  wetting  of  the 
perovskite  phase  on  the  YSZ  is  much  less  for  LSCr  compared  to 
LSCM.  The  enhancement  of  the  wetting  of  the  YSZ  surface  upon 
addition  of  Mn  has  been  discussed  previously  [6],  These  images  also 
clearly  show  that  under  reducing  conditions  that  are  typical  of  an 
operating  SOFC  anode,  there  is  a  much  higher  concentration  of 
electrochemically  active  TPB  sites  for  the  LSCM-YSZ  composite 
compared  to  the  LSCr-YSZ  composite. 

The  impedance  spectra  reported  in  Fig.  5  for  cells  with  LSCr— YSZ 
composite  anodes  provides  additional  evidence  for  the  inferior 
connectivity  in  the  LSCr  layer  upon  reduction.  Cole— Cole  imped¬ 
ance  plots  for  cells  in  which  Pd  and  Pd  +  Ce02  have  been  added  to 
the  LSCr-YSZ  composite  anode  to  enhance  catalytic  activity  are 
displayed  in  this  figure.  Note  the  drastic  decrease  in  the  non-ohmic 
impedance  arising  from  the  addition  of  ceria  to  the  anode.  The  non- 
ohmic  ASR  goes  from  1.33  to  0.39  Q  cm2  upon  ceria  addition.  While 
the  Ce02  may  provide  some  enhancement  of  the  catalytic  activity  of 


(open  circles)  0.5  wt%  Pd  or  (closed  circles)  0.5  wt%  Pd  plus  5  wK  Ce02  added  to 
enhance  catalytic  activity.  Operating  conditions:  973  K  in  humidified  H2  ( 3 %  H20). 
Cathodes  were  exposed  to  stagnant,  ambient  air. 


the  Pd,  analogous  previously  reported  results  for  the  addition  of  Pd 
and  Pd  +  Ce02  to  LSCM-YSZ  composite  anodes  show  this  effect  to 
be  minimal  [9],  These  observations  along  with  the  fact  that  ceria  is 
electronically  conducing  under  reducing  conditions,  suggests  that  a 
more  likely  explanation  is  that  the  added  Ce02  provides  conducting 
bridges  between  isolated  LSCr  particles,  thereby  increasing  the 
active  surface  area  of  the  anode.  Thus,  the  combined  SEM  and 
impedance  results  provide  strong  evidence  that  the  observed  var¬ 
iations  in  anode  microstructure  are  the  likely  origin  of  the  differ¬ 
ences  in  cell  performance  shown  in  Fig.  3. 

3.3.  Doping  LSCr  with  catalytic  transition  metals 

LSCr  (and  LSCM)  has  low  catalytic  activity  and  doping  with  a 
highly  catalytic  metal  is  required  in  order  to  obtain  an  anode  with 
an  acceptably  low  ASR.  In  the  fuel  cell  tests  presented  in  the  pre¬ 
vious  section,  the  catalytic  activity  of  the  anode  was  enhanced  by 
depositing  a  small  quantity  of  Pd  or  Pd/Ce02.  As  discussed  in  the 
introduction,  catalytic  metal  particles  can  also  be  produced  in  situ 
by  substituting  a  small  fraction  of  the  B  sites  in  the  LSCr  with  a 
catalytic  metal,  such  as  Ni  or  Co,  which  can  be  exsolved  form  the 
perovskite  lattice  under  reducing  conditions.  This  approach  is 
demonstrated  in  Fig.  6  which  presents  polarization  curves  (hu¬ 
midified  H2  fuel,  973  I<)  for  SOFCs  using  Cu-,  Co-,  and  Ni-doped  LSCr 
as  the  electronically  conducting  phase.  Data  for  undoped  LSCr  is 
also  included  for  comparison.  Corresponding  impedance  spectra 
for  each  cell  obtained  at  OCV  are  displayed  in  Fig.  7.  In  our  previous 
work,  the  area  specific  resistance  at  973  K  of  LSF/YSZ  composite 
cathodes  similar  to  those  used  here  was  found  to  be  0.15  Q  cm  [28], 
Thus,  the  impedance  arcs  are  dominated  by  processes  occurring  on 
the  anodes. 

These  data  illustrate  several  important  points.  First,  a  portion  of 
the  transition  metal  appears  to  be  exsolved  from  the  perovskite 
lattice  under  the  reducing  conditions  producing  catalytically  active 
metal  nanoparticles  that  greatly  enhance  the  overall  cell  perfor¬ 
mance  and  decrease  the  anode  ASR.  Second,  there  is  a  significant 
variation  in  the  catalytic  activity  of  the  exsolved  metal  nano¬ 
particles  with  Cu  and  Ni  providing  the  smallest  and  largest 
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Fig.  6.  V-i  and  V-power  density  curves  for  cells  with  45  wt%  transition-metal  doped 
LSCr  calcined  at  1473  K.  The  transition  metal  dopants  are  indicated  in  the  figure. 
Operating  conditions:  973  K  in  humidified  H2  (3%  H20).  Cathodes  were  exposed  to 
stagnant,  ambient  air.  Open  and  closed  symbols  correspond  to  the  voltage  and  power 
curves,  respectively. 


enhancements  in  overall  performance,  respectively.  While  Cu  has 
the  lowest  catalytic  activity  of  the  metals  studied  and  also  de¬ 
creases  the  overall  conductivity  of  the  LSCr,  it  is  noteworthy  that  it 
still  significantly  increased  overall  performance. 

Exsolution  of  a  high  fraction  of  the  metal  from  the  LSCr  perov- 
skite  lattice  might  be  expected  to  produce  relatively  large  (>10  nm) 
metal  particles  that  could  be  detected  by  XRD;  however,  peaks 
indicative  of  the  metals  (Cu,  Co,  and  Ni)  were  not  detected  from 
samples  that  were  reduced  at  1173  K  for  4  h  in  wet  hydrogen.  Thus, 
it  appears  that  either  only  a  small  fraction  of  the  transition  metal  on 
the  B  site  was  exsolved  and/or  the  resulting  metal  particles  were 
exceptionally  small  and  not  detectable  by  XRD.  There  is  precedence 
for  this  in  the  literature.  For  example,  Arrive  et  al.  were  unable  to 
detect  exsolved  Ni  particles  from  reduced  Lao.5Sro.5Tio.75Nio.25O3  by 
XRD  (1073  K,  48  h  in  2%  H2/Ar),  but  were  able  to  observe  by  TEM 
[29],  Thus,  the  fuel  cell  performance  and  XRD  data  obtained  here 
suggest  that  for  the  conditions  used  in  this  study  only  a  small 
amount  of  the  B-Site  transition  metal  was  exsolved  form  the 
perovskite  lattice  upon  reduction. 

As  noted  in  the  introduction,  high  hydrocarbon  stability  is  one 
advantage  of  using  conducting  perovskites  as  the  electronically 
conducting  phase  in  SOFC  anodes.  This  advantage  will  be  lost, 
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Fig.  7.  Open  circuit  voltage  Cole-Cole  plots  for  cells  with  45  wt%  transition-metal 
doped  LSCr  calcined  at  1473  K.  The  transition  metal  dopants  are  indicated  in  the 
figure.  For  one  cell  undoped  LSCr  was  used  a  Pd  (0.5  wt%)  catalyst  was  added  by 
infiltration.  Operating  conditions:  973  K  in  humidified  H2  (3%  H20).  Cathodes  were 
exposed  to  stagnant,  ambient  air. 


Table  1 

Carbon  deposition  comparison. 

Carbon  formation  after  dry  CH4  exposure  (800  °C,  4  h) 
Infiltrated  materials  X  Weight  gain 

Ceria-Co  [25]  >100 

Ceo5Sro.1Coo.1VO4  [8]  12 

Lao.sSro5Cro.9Coo.1O3  <1 


however,  if  added  metal  catalysts,  which  are  needed  to  obtain 
adequate  oxidation  activity,  still  catalyze  the  formation  of  deacti¬ 
vating  carbon  filaments.  Previous  studies  of  carbon  filament  for¬ 
mation  on  transition  metal  catalysts  suggest  that  this  process  is 
dependent  on  the  size  of  the  metal  nanoparticles,  with  particles 
between  10  and  30  nm  being  the  most  active  [30,31  ].  In  light  of  this, 
we  also  investigated  the  hydrocarbon  stability  of  the  metal  parti¬ 
cles  exsolved  from  transition-metal  doped  LSCr,  since  the  XRD  re¬ 
sults  suggest  that  they  are  somewhat  smaller.  This  was  done  by 
measuring  the  weight  gain  that  occurred  upon  exposing  a  reduced 
YSZ  slab  infiltrated  with  Lao.8Sro.1Coo.1O3  to  dry  methane  for  4  h  at 
1073  K.  As  shown  in  Table  1,  the  %  weight  gain  was  <1%  indicating 
that  carbon  deposition  or  filament  formation  was  negligible.  Note 
that  this  is  in  contrast  to  what  has  been  reported  previously  for  Co 
particles  on  a  ceria  support  [32]  and  for  Co  particles  formed  by 
exsolution  from  Ceo.9Sro.1Coo.1VO4  [15],  where  significantly  higher 
weight  gains  were  observed  for  similar  conditions.  While  addi¬ 
tional  study  is  needed  to  fully  explore  the  hydrocarbon  stability  of 
the  reduced,  transition-metal  doped  LSCr  family  of  perovskites, 
these  results  suggest  that  they  may  be  relatively  stable  in  hydro¬ 
carbon  fuels  possibly  due  to  the  small  size  of  the  metal  particles 
that  are  formed. 

4.  Conclusions 

The  results  obtained  in  this  study  demonstrate  that  LSCr/YSZ 
composites  produced  by  infiltration  of  LSCr  into  a  preformed, 
porous  YSZ  scaffold  have  electronic  conductivity  under  reducing 
conditions  (~1  S  cm  1  at  700  °C)  that  is  an  order  of  magnitude 
higher  than  that  of  LSCM/YSZ  composites.  Despite  the  high  con¬ 
ductivity,  LSCr/YSZ  composite  SOFC  anodes  exhibited  somewhat 
lower  performance  than  those  based  on  LSCM/YSZ.  This  appears  to 
be  due  to  differences  in  the  microstructures  of  the  infiltrated  LSCr 
and  LSCM  films.  Upon  reduction  the  LSCM  forms  a  highly  textured, 
porous,  interconnected  film  with  a  relatively  high  surface  area  and 
high  concentration  of  TPB  sites.  In  contrast  the  LSCr  forms  large 
( ~  0.5  pm  diameter),  poorly  connected  particles  resulting  in  a  much 
lower  surface  area  and  lower  electrochemical  activity. 

Studies  of  the  enhancement  of  the  catalytic  properties  of  LSCr 
demonstrated  that  catalytic  metal  nanoparticles  could  be  produced 
by  exsolution  of  dopant  transition  metal  ions  (Cu,  Co,  and  Ni)  from 
the  LSCr  lattice.  These  metal  nanoparticle  catalysts  significantly 
enhanced  the  overall  performance  of  LSCr/YSZ  composite  SOFC 
anodes.  Exsolved  Co  nanoparticles  were  also  found  to  have  low 
activity  for  the  formation  of  carbon  deposits  when  exposed  to  CH4 
at  elevated  temperatures,  possibly  due  to  the  small  metal  particle 
size.  This  result  is  encouraging  and  suggests  that  exsolution  from  a 
perovskite  lattice  may  be  useful  method  to  produce  hydrocarbon- 
stable  metal  catalysts  for  SOFC  anodes. 
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